
6 September 1966 

STIMULUS-ORIENTED APPROACH TO 

DETECTION RE-EXAMINED 

by 
Lloyd A. J e f f r e s s  

Resul t ing from research done under Department 
of t he  N a v y ,  Naval Ship Systems Command 
Contract NObsr-93124, Task 8103, Pro jec t  S e r i a l  
Number ~ ~ 0 0 1 0 3 1 6 ,  and under U .  S .  N a v y  Office 
of Naval Research Contract Nonr-3579(04), 
NR 124-190 on National Aeronautics and Space 
Administration Fund Transfer R-129 

DISTRIBUTION OF THIS DOCUMENT I S  UNLIMITED 

DEFENSE RESEARCH LABORATORY 
THE UNIVERSITY OF TEXAS 

AUSTIN, TEXAS 78712 

https://ntrs.nasa.gov/search.jsp?R=19670002904 2018-07-24T22:11:37+00:00Z



. 
. 

STIMULUS-ORmTED APPROACH TO DETECTION RE-EXAMINED 

Lloyd A .  J e f f r e s s  

Defense Research Laboratory and Department of  Psychology 

The Universi ty  of Texas, Austin,  Texas 78712 

Abstract 

The present  paper i s  a re-examination of some of  t h e  conclusions 

of an e a r l i e r  one. It i s  motivated b y  svrne new i ~ ~ s i g l l t s  resul t i i lg  from 

at tempts  t o  r e p l i c a t e  experiments w i t h  human observers through t h e  use 

of an e l e c t r i c a l  model o f  t h e  audi tory  system. It i s  concerned pr imar i ly  

w i t h  t h e  e f f e c t  of s i g n a l  dura t ion  on de tec t ion  i n  t h e  presence of a 

continuous masking no i se .  The model, of those t r i e d ,  t h a t  b e s t  f i t s  human 

performance consis ted of a bandpass f i l t e r  obtained by sub t r ac t ing  t h e  

output of a 500 Hz sharp-cutoff ,  low-pass f i l t e r  from another  having a 

cu to f f  of  525 Hz. The f i l t e r  was followed by a l i n e a r  half-wave r e c t i f i e r ,  

and it i n  t u r n  by an i n t e g r a t o r  having a 100 msec decay t ime.  The i n t e -  

g r a t o r  can be thought of as a device which t akes  a running average of 

i t s  i n p u t .  

The p robab i l i t y  dens i ty  d i s t r i b u t i o n s  f o r  N and S N  yielded by t h e  

model Lie  between t h e  Rayleigh-Rice d i s t r i b u t i o n s  on t h e  one hand and a 

p a i r  o f  normal d i s t r i b u t i o n s  of unequal var iance on t h e  o the r .  The exact 

shape of t h e  two d i s t r i b u t i o n s  depends upon both t h e  bandwidth of  t he  

f i l t e r  employed and t h e  t i m e  constant of t h e  averager .  
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I - INTRODUCTION 

I n  an e a r l i e r  paper ( J e f f r e s s ,  1964) i n  which I "reinvented" 

de t ec t ion  theory,  I undertook t o  show t h a t  t h e  p robab i l i t y  d i s t r i b u -  

t i o n s  der ived by Rayleigh (1878) for narrow-band noise ,  and by Rice 

(1954) for narrow-band noise  plus  a s inusoida l  s i g n a l  yielded rece iver -  

ope ra t ing -cha rac t e r i s t i c s  (ROC)  curves appropr ia te  t o  t h e  de t ec t ion  

performance of human observers .  

f requent ly  made assumption of  a n  i d e a l  rPrtang1JlRr f i l t e r  followcd 

by some s o r t  of "detector"  i n  t h e  rad io  eng inee r ' s  sense of t h e  word. 

The same approach had been taken e a r l i e r  by Peterson, B i rdsa l l ,  and 

Fox (1954) f o r  t h e  i d e a l  de tec tor  where t h e  phase of t h e  s i g n a l  is  

unspecif ied,  and by Marill (1956) for t h e  same case.  The approach 

l eads  t o  t h e  p red ic t ion  t h a t  t h e  e f f i c i ency  of de t ec t ion  w i l l  be highest  

when t h e  dura t ion  of t h e  s i g n a l  is  the  r ec ip roca l  of  t he  bandwidth of 

t h e  f i l t e r .  

The development was based on t h e  

I 11. BANDWIDTH, DURATION, AND DETECTION 

Rice employed a s  h i s  parameter A/o, where A i s  the  amplitude of 

t h e  s i g n a l  (n t imes t h e  rms s i g n a l  vol tage) ,  and u is  t h e  rms vol tage  

of t h e  narrow band of  no ise .  H i s  p robabi l i ty -dens i ty  d i s t r i b u t i o n s  

for var ious  values  of  A/u a r e  based on t ak ing  random samples of t h e  

envelope of a continuous noise  ( N )  or noise  plus  s i g n a l  (SN). 

i s  s a i d  about du ra t ion .  The approach by Peterson e t  a l .  i s  based on 

t ak ing  2WT samples of  N and of SN, where T i s  t h e  dura t ion  of t h e  sample 

Nothing 

-- 

and W i s  t h e  bandwidth of t h e  noise .  

where E i s  t h e  energy i n  t h e  s i g n a l  (power t imes du ra t ion )  and N 

t h e  energy of t h e  noise  (power per  cyc le) .  

Their  parameter i s  (2E/N )', 
0 

i s  
0 

Their parameter, t he re fo re ,  
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includes durat ion,  but  not bandwidth. Bandwidth i s  involved i n  de t e r -  

mining the  number of samples, bu t  not i n  t h e i r  parameter. I f  we equate 

Rice ' s  parameter A/a  t o  t h e  (2E/No))" of Peterson e t  a l .  and cancel out 

l i k e  q u a n t i t i e s  on t h e  two s ides  of the equation, w e  end with t h e  

expression 1 / W  = T (Jeffress, 1965, p .  768). 

-- 

This i s  tantamount t o  

saying, as Peterson e t  a l .  do, t h a t  the i d e a l  de t ec to r  f o r  t h e  phase- 

unknown case is  a f i l t e r  having a bandwidth t h a t  i s  t h e  rec iproca l  of 

-- 

t h e  s i g n a l  dura t ion .  

If we attempt t o  apply t h i s  model (phase-unknown--narrow f i l t e r ,  

d e t e c t o r )  t o  da ta  from psychophysical experiments involving t h e  e f f e c t  

of s i g n a l  durat ion on de tec t ion ,  w e  a re  immediately i n  t roub le .  Instead 

of achieving maximal performance a t  a durat ion t h a t  i s  t h e  r ec ip roca l  

of t h e  bandwidth ( " c r i t i c a l "  bandwidth estimated from 50 Hz t o  more 

than 100 Hz fo r  a 500 Hz s igna l ) ,  people show r e l a t i v e l y  uniform detec-  

t i o n  f o r  a f a i r l y  wide range of durat ions (Green, B i rdsa l l ,  and Tanner, 

1957). 

very s h o r t  dura t ions  t h a t  would be predicted from wider es t imates  of 

t h e  c r i t i c a l  band ( e  .g . ,  Zwicker, Flot torp,  and Stevens, 1957). 

They show poor performance a t  sho r t  durat ions,  expec ia l ly  t h e  

111. PHASE-KNOWN CASE 

Peterson e t  a l .  examined another de tec t ion  s i t u a t i o n ,  t h a t  f o r  t h e  -- 
i d e a l  d e t e c t o r  f o r  t h e  case where s igna l  i s  completely spec i f ied  includ- 

ing  phase.  This case l e d  t o  a d i f f e ren t  family of probabi l i ty -dens i ty  

functions--normal d i s t r i b u t i o n s  of equal var iance.  The e f f i c i ency  of 

t h i s  d e t e c t o r  ( e .g . ,  a co r re l a t ion  de tec to r )  was higher  than f o r  t h e  case 

where phase i s  unspec i f ied .  They defined a measure, d, as (Msn - Mn)  2 /vn3 - 
where M i s  the  mean of t h e  SN d i s t r ibu t ion ,  Mn is  t h e  mean of t he  s n  
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N d i s t r i b u t i o n ,  and Vn i s  t h e  variance of  t he  N d i s t r i b u t i o n  (or SN 

s ince  t h e  two var iances  are equal ) .  They showed t h a t  f o r  t h e  i d e a l  

de t ec to r ,  d = 2E/No. 

it i s  more mathematically t r a c t a b l e  than the  phase-unknown case,  be- 

came t h e  basis f o r  much of t h e  l a te r  appl ica t ion  of t h e  theory  of  s i g -  

n a l  d e t e c t a b i l i t y  (TSD) t o  psychophysics. 

This case (signal-phase known), poss ib ly  because 

In  one of t h e  e a r l i e s t  of such appl ica t ions  t o  human observers,  

Tanner and B i r d s a l l  (1958) defined two q u a n t i t i e s ,  d ' ,  and 7 .  

l a t t e r ,  a measure of e f f i c i ency ,  is the r a t i o  of  t h e  s i g n a l  energy r e -  

quired by t h e  i d e a l  de t ec to r  ( i n  a given background of no i se )  t o  t h e  

energy required by an observer ( i n  the  same noise  background) t o  reach 

equal l e v e l s  of  de t ec t ion .  

The 

For t h e  i d e a l  d e t e c t o r  and a completely 

spec i f i ed  s igna l ,  7 i s  uni ty ,  and d '  = (2E/No) 8 . For t h e  r e a l  observer,  

d '  = (7'2E/No) a . I f  t h e  N and SN d i s t r i b u t i o n s  employed by  t h e  observer 

were ,actual ly  a v a i l a b l e  f o r  computation, t h i s  d e f i n i t i o n  of d '  would be 

equiva len t  t o  (Msn - M n ) / a n .  It would be  fl l a r g e r  than t h e  familiar 

z-score of  s t a t i s t i c s .  Applied t o  t h i s  s i t u a t i o n ,  z = ( M  

or, s i n c e  t h e  g ' s  are equal,  z = ( M  

- M n ) / ( o s n  2 + an) 2 *  , sn  

- Mn)/(20n) 2 *  . sn 

The equal-variance as1mpt ion  m d e  poss ib le  t h e  develogment ef tve 

convenient sets of t a b l e s  r e l a t i n g  d '  t o  percentage of  co r rec t  responses 

i n  psychophysicalexperiments, one for  yes-no data, and one f o r  da t a  from 

n -a l t e rna t ive ,  forced-choice procedures ( E l l i o t t ,  1964). 

IV. RATING-SCALE EXPERIMENTS 

If  an observer i s  given t h e  opportunity t o  generate  more than a 

s i n g l e  poin t  on a n  ROC curve, e i t h e r  by asking him t o  adopt d i f f e r e n t  

c r i t e r i a  during d i f f e r e n t  sess ions  or t o  r a t e  t he  st imulus according t o  



i t s  degree of "s ignal- l ikeness" ,  t h e  points of ten  f a l l  on a curve that 

could not be generated fran two equal-variance normal curves with a 

f ixed d i f fe rence  between the  means. The s u b j e c t ' s  d '  changes with h i s  

c r i t e r i o n .  This f a c t  implies t h a t  e i t h e r  t h e  d i f fe rence  between t h e  

means has changed, o r  t h a t  t h e  variance of one o r  bo th  of t h e  two d i s -  

t r i b u t i o n s  has changed. 

preted t h e  f a c t  as an increase  i n  t h e  variance of t h e  SN d i s t r i b u t i o n ,  

Egan, Schulman, and Greenberg (1979) i n t e r -  

r e l a t i v e  t o  t h e  N d i s t r i b u t i o n  and found r a t i o s  of on/gsn ranging from 

about 1.0 t o  about 0.7; t h e  average of 96 ROC l i n e s  was 0.79. 

recent ly ,  Watson, R i l l i n g ,  and Bourbon 

s c a l e  found r a t i o s  from 0.92 t o  0.80. 

and Schulman (1961) described t h e  apparent d i f f e rences  i n  

t h e  use of a power funct ion r e l a t i n g  t h e  condi t iona l  p robab i l i t y  of saying 

"yes" given S N  t o  t h a t  of saying "yes" given N .  

form: P(Y[SN) = [P(Y[N)] , 0 < k 2 1.0 .  

More 

(1964), using a 34-point r a t i n g  

I n  another  a r t i c l e ,  Egan, Greenberg, 

and osn by n 

The expression took t h e  

k 

I n  t h e  e a r l i e r  a r t i c l e ,  I pointed out t h a t  t h e  phase-unknown model 
I 

predic ted  j u s t  such a d i f fe rence  i n  variance as t h a t  found i n  ra t ing-sca le  

experiments, and presented an  ROC curve obtained from t h e  Rayleigh d i s -  

t r i b u t i o n  f o r  N, and an  appropriate  Rice d i s t r i b u t i o n  f o r  S N  which gave 

a s a t i s f a c t o r y  fit t o  ra t ing-sca le  data from t h e  experiment by Watson, 

e t  a l .  The conclusion I drew was t h a t  t h e  Rayleigh-Rice d i s t r i b u t i o n s  -- 

even unequal) var iance d i s t r i b u t i o n s  of TSD. I a l s o  concluded t h a t  while 

t h e  normal, unequal-variance d i s t r i b u t i o n s  used t o  f i t  ra t ing-sca le  da ta  

requi red  an  ad hoc explanation of some s o r t ,  t h e  unequal variance followed 

n a t u r a l l y  out of t h e  phase-unknown model. But t h i s  model leaves us i n  

t h e  d i f f i c u l t y  with de t ec t ion  vs duration discussed e a r l i e r ,  i . e . ,  b e s t  

d e t e c t i o n  should occur a t  shor t  durat ions 

-- 

- 
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V.  EL;ECTRICAL MODEL: EARLY EXPERIMENTS 

I n  an attempt t o  determine whether, by operat ing on i t s  output,  

a fixed-bandwidth, narrow f i l t e r  could be  made t o  r e p l i c a t e  the  r e s u l t s  

obtained with human subjec ts ,  Gaston and I ( J e f f r e s s  and Gaston 1965) 

t r i e d  various schemes. We employed a s teep-sided f i l t e r  having a band- 

width of 50 Hz centered a t  500 Hz. 

t h e  equivalent  rec tangular  width was about 55 H z . )  When followed by a 

prec is ion ,  half-wave r e c t i f i e r  and an i n t e g r a t o r  wi th  a sho r t  (1 msec) 

decay t i m e ,  it yielded,  when i ts  envelope was sampled randomly, an 

almost pe r f ec t  Rayleigh d i s t r i b u t i o n .  When sampled a t  t h e  envelope 

peaks, it gave data which almost equally wel l  f i t  t h e  d i s t r i b u t i o n  

f'unction derived by Rice f o r  envelope peaks. 

s e t s  of  data.  The smooth curves a r e  the  t h e o r e t i c a l  functions,  t he  

po in t s  were measured from t h e  envelope of t h e  f i l t e r  ou tput .  The f i l t e r  

showed i t s  f e e t  of c lay,  however, when w e  followed Green's (196611) 

suggest ion,  employed a square-law (energy) d e t e c t o r  and determined t h e  

mean-to-sigma r a t i o  f o r  i t .  

t h a t  f o r  an i d e a l  rec tangular  f i l t e r .  This d i s p a r i t y  is  i n  accord with 

t h e  findilzgs ef Mathews and P f a f f l i n  (1966) f o r  t h e  d i f f e rence  Setwees 

an i d e a l  f i l t e r  and one of a more r e a l i z a b l e  shape. 

(The half-power bandwidth was 50 Hz; 

Figure 1 shows the  two 

This proved t o  be about f i  l a r g e r  than 

While employing t h i s  f i l t e r  i n  a n  attempt t o  r e p l i c a t e  the  f indings 

of Green, Bi rdsa l l ,  and Tanner (1957) on t h e  e f f e c t  of s i g n a l  dura t ion  

on de tec t ion ,  w e  f i n a l l y  recognized the  source of our d i f f i c u l t y .  

used a continuous no i se  and a gated s igna l ,  using a fou r -a l t e rna t ive  

forced-choice procedure and ind ica t ing  t h e  onset  of  t h e  s i g n a l  i n t e r v a l  

by a l i g h t  f l a s h .  

no i se  and s i g n a l  toge ther ,  o r  t o  use a continuous noise  sampled randomly, 

They 

I n  our  experiment, we were forced e i t h e r  t o  g a t e  both 
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and a gated s igna l ,  sampled a t  some time during t h e  i n t e r v a l .  I n  

e i t h e r  case we obtained our b e s t  de tec t ion  when t h e  durat ion w a s  20 msec 

( t h e  r ec ip roca l  of t h e  f i l t e r  bandwidth). 

were gated for 20 msec t h e  e f f i c i ency  of t he  system approached t h a t  

of t h e  i d e a l  de t ec to r  f o r  t h e  unknown-phase case.  It was apparent 

that ne i the r  r e s u l t  resembled t h e  psychophysical da ta  we were attempt- 

ing t o  f i t .  

When both noise  and s i g n a l  

S t i l l  t r y i n g  t o  determine whether t h e  output of a fixed-bandwidth 

f i l t e r  could be made t o  y i e ld  da ta  l i k e  those of Green e t  a l . ,  we 

followed t h e  lead furnished by Zwislocki 's  work on temporal i n t eg ra t ion  

(1960) and increased t h e  decay t i m e  of t h e  in t eg ra to r  from the  1 msec 

w e  had been using f o r  t h e  envelope f i l t e r ,  t o  200 msec. The r e s u l t s  

were promising, but  appeared t o  ind ica te  t h a t  our f i l t e r  was t o o  narrow. 

Some a d d i t i o n a l  experimentation l ed  t o  t h e  procedure used i n  t h e  next 

s ec t ion .  

-- 

V I .  ELECTRICAL MODEL: LATER EXPERIMENTS 

Deatherage (1966) reminds us t h a t  t h e  b a s i l a r  membrane serves  as 

a s e r i e s  of le;;-pass f i l ters,  and t h e  neurophysiologis ts  t e l l  ' i s  t h a t  

i n h i b i t i o n  plays as important a r o l e  i n  processing sensory information 

as e x c i t a t i o n .  Accordingly we t r i e d  combining two low-pass f i l t e r s  

with sha rp  high-frequency cu to f f s  t o  form a bandpass f i l t e r .  We sub- 

t r a c t e d  ( i n h i b i t i o n ? )  t h e  output of one f i l t e r  (500 Hz c u t o f f )  from 

t h e  output  of another (525 Hz cu to f f ) ,  d r iv ing  t h e  two f i l t e r s  i n  

parallel .  The r e s u l t i n g  frequency response i s  shown i n  Fig.  2 .  Looking 

a t  t h e  f igure  upside down i n  a mirror reminds us of t h e  response curves 

f o r  s i n g l e  f i b e r s  of t h e  audi tory t r a c t  reported by Galambos and Davis 
. -  ~ ~ 
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(1943) and by Katsuki,  Suga, and Kanno (1962). 

f o r  the  f i l t e r  was 500 Hz. 

equivalent  rec tangular  width is  about 110 Hz. 

The "best  frequency'' 

I t s  3 dB-down bandwidth i s  78 Hz and i t s  

We used t h i s  conbination (525 minus 500 Hz)  f i l t e r  with a l i n e a r  

r e c t i f i e r  followed by a " t rue"  in t eg ra to r  with a 100 msec decay t ime.  

The i n t e g r a t o r  was an opera t iona l  amplif ier ,  and without t he  decay 

r e s i s t o r  gives  a t r u e  i n t e g r a l  of  t h e  inpu t .  

makes it i n t o  a running averager s imi la r  t o  a conventional RC i n t e g r a t o r ,  

except t h a t  i t s  capac i tor  discharges t o  ground r a t h e r  than back i n t o  

t h e  source.  This seemed more "nervelike" s ince  synapses leak o f f  t o  

t h e i r  surrounding medium, not  back t o  t h e  axons t h a t  feed them. The 

choice of 100 msec was based on severa l  preliminary experiments with 

o ther  va lues .  

Figure 3 shows an osc i l loscope  photograph of  t h e  noise  input  t o  

t h e  f i l t e r  system (lower t r a c e ) ,  t h e  s igna l  ( 5 0  msec, 500 Hz i n  t h i s  

photograph, second t r a c e ) ,  t h e  f i l t e r  output ( t h i r d  t r a c e )  and t h e  

output  of t h e  i n t e g r a t o r  or "running averagerll ( t o p  t r a c e ) .  The moment 

a t  which t h e  magnitude o f  t h e  t o p  t r a c e  was measured i s  t h e  moment when 

t h e  t r a c e s  a r e  br ightened .  

Adding the  decay r e s i s t o r  

A q u a s i  block diagram of  t h e  equipment i s  shown i n  Fig.  4, wi th 

t h e  a c t u a l  c i r c u i t s  shown where informative.  The "time-constant" of 

t h e  i n t e g r a t o r ,  100 msec, i s  t h e  product of t he  decay r e s i s t a n c e  100 kbl 

and t h e  capacitance,  1pF. The 20 Wa input r e s i s t o r  funct ions merely 

as a s c a l e  f a c t o r  i n  t h e  " t rue" in t eg ra to r .  The a c t u a l  t i m e  required 

by t h e  i n t e g r a t o r  t o  reach a s teady s t a t e  with a constant  vol tage in-  

put  is  given by Exp -[ t /RC],  which means t h a t  i n  500 msec t h e  vol tage 

is  w i t h i n  !-$ (0.007) of i t s  f i n a l  value.  

was t h e r e f o r e  s e t  a t  0.5 sec  . 
The i n t e r v a l  between samples 
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The bas ic  t iming was done by a Grason-Stadler +,imer. It determined 

t h e  dura t ion  of t h e  s i g n a l  ( i f  one was p re sen t )  and the  in te rs t imulus  

i n t e r v a l .  A pulse  from it t r iggered  t h e  Tektronix scope, and a pulse  

from t h e  delayed-brightening c i r c u i t  of t he  scope served t o  ind ica t e  

t o  t h e  amplitude-to-time converter  of t h e  computer of average t r a n s i e n t s  

(Technical Measurement Corporation CAT Model 400 C )  t h e  moment of 

measurement. The measurement was made a t  t h e  terminat ion of t h e  s i g n a l .  

The r e s u l t s  of t h e  measurements (usua l ly  1,000 samples o f  N o r  S N )  

were read out of  t h e  CAT memory onto p r in t ed  tape,  punched on cards,  and 

processed by a CDC 3200 computer. The data appeared i n  t h e  form of  

probabi l i ty -dens i ty  d i s t r i b u t i o n s  (more properly frequency d i s t r i b u t i o n s  ) 

and from them were computed means, standard devia t ions ,  measures of 

skewness and ku r tos i s ,  and a measure of de t ec t ion  based on t h e  z-score 

f o r  t h e  p a r t i c u l a r  combination of N and SN.  

I 



I -  10 

V I 1  a ANOTHER DETECTION MEASURE: dZ 

f 

There are several reasons why conventional measures of detection 

are inappropriate in dealing with the distributions generated by the 

electrical model. 

Birdsall, and Tanner (1959) use only one of the points along an ROC 

The ds of Egan et al. (1959) and the d of Clarke, e -- 

curve. Since we have the complete distributions we would like a measure 

based on all of the information they contain. Green's (1964) observation 

that the area under the ROC curve is P(C) for a two-interval, forced- 

choice experiment would be appropriate except that we wish occasionally 

to employ signals that yield d's so high that determining the area with 

precision is impossible. At the same time, since we wish to fit data 

expressed as d', we need a d'-like measure, and for the reasons given, 

we need one which can be computed from the two distribution functions. 

For the equal-variance normal distributions d' = (Msn - Mn)/nn = &, 
as we have seen earlier. It would seem a logical step therefore to apply 

t 

a similar measure to the case where the distributions are normal but 

unequal in variance. 

since it is derived from the z-score. 

To avoid confusion let us call this measure dZ, 

We will therefore define dZ as @. 

Thus dZ = R ( M  - Mn)/(osn 2 + an) 2 *  . Let us see how closely this resembles sn 
d' under various conditions. Obviously, for the equal-variance, normal 

distributions the two measures are identical. 

For the case where the two distributions are normal but unequal in 

variance, we can plot an ROC curve from the data, determine the area 

under the curve, and hence, as Green has shown, the equivalent P(C) for 

a two-alternative, forced-choice experiment. If we look up this P(C) in 

Elliott's table for 2AFC and find the corresponding d ' ,  we discover it 
~~ 

to be again identical to our dZ. This is not surprising; the central 
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limit theorum implies that since our original distributions were normal, 

i 

their differences will be normally distributed. 

Let us take a more extreme case, that for the Rayleigh distribution 

and the Rice distribution for A/, = 2.5 and again plot an ROC curve and 

determine its area. We find P(C) = 89.5% which gives us a d' of 1.77. 

If we take the mean of the Rayleigh distribution to be 10.0, the mean 

of the Rice distribution proves to be (using the computer) 21.56. 

corresponding standard deviat ions are 5.18 and 7.57. This yields 

z = 1.26 and dZ = 1.78.' Since the distributions with which we will 

The 

t 

'The value, A/a = 2.5 was selected as the worst case for these distribu- 

tions because it appeared to give about the least normal-looking ROC 

line and a small slope ( 0 . 8 5 ) .  Two, four-round-trip measurements of 

the area under the curve were made with a planimeter--the second be- 

cause the agreement in d' appeared to be too good to be true. Both 

measurements yielded P(C) = 89.5%. 

distribution was substantial (0.62) and for the Rice was negligible 

(0.10). 

The skewness index for the Rayleigh 

The kurtosis in both distributions was negligible. 

be dealing here range between the Rayleigh-Rice distributions at one 

extreme, to the normal at the other, we m y  safely employ ir as 

equivalent to d' and employ the d' tables with it. The computer pro- 

gram included the determination of dZ f o r  the various values of N and 

SN employed with the electrical model. 

Z 
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VIII. PSYCHOMETRIC FUNCTIONS 

Figure 5 presents  a s e r i e s  of psychometric funct ions obtained from 

Q t h e  e l e c t r i c a l  model, p lo t t ed  as d '  I d Z )  aga ins t  (2E/No) . A l l  appear 

t o  be s t r a i g h t  l i n e s  over t h e  range shown, and a l l  would bend i n t o  t h e  

o r ig in  a t  low values of t h e  s igna l .  The l i n e s  drawn a r e  leas t - squares  

f i t s  t o  t h e  data. 

To show t h a t  t hese  f indings a r e  not t r i v i a l  a s  they apply t o  human 

detect iui l  ex1~c.t i i i l c l l t b ,  Fig.  6 pr eseilts s e v e r a l  aililitiuilal psychumetric: 

f'unctions employing t h e  same coordinates.  The t o p  l i n e  i s  f o r  t h e  i d e a l  

de t ec to r  f o r  t he  phase-known, equal-variance case .  The second l i n e  i s  

f o r  t h e  i d e a l  de tec tor ,  phase unknown(Ray1eigh-Rice d i s t r i b u t i o n s ) .  

The next t h r e e  l i n e s  are a r e p l o t t i n g  of data from an experiment by  

Green (1966a) for monaural no ise  and s igna l  .* Three s i g n a l  durat ions 

'Green's data were p lo t t ed  as P(C) against  10 log  E/No. The r e s u l t i n g  

ogives do not appear t o  me t o  be as informative as t h e  s t r a i g h t  l i n e s  

(with a bend t o  t h e  o r i g i n )  of F ig .  6.  

a t  250 Hz were used, 1.0 see .  0.1 sec,  and 0.01 sec .  The so l id  poin ts  

a r e  d a t a  from an experiment by Gaston (1964) who used a 500 Hz s igna l  

of 0.15 sec dura t ion .  Like t h e  l i n e s  of F ig .  5 ,  t hese  appear t o  be 

s t r a i g h t  over much of t h e i r  c m s e  and bend t o  t h e  o r ig in  a t  low s igna l  

l e v e l s .  
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IX. DETECTION VS DURATION: MODELS AND PEOPLF: 

Figure 7 presents  t h e  data  f r o m t h e  experiment by Green e t  a l . ,  -- 
and d a t a  from the  model f o r  the  same durat ions.  Green e t  a l .  employed 

(2E/N ) = 5.8; fo r  t h e  model we used 3.7. Our device was therefore  

about 2 .5  times as e f f i c i e n t  (energy r a t i o )  as t h e  human observers.  

I n  one s e r i e s  of experiments, we employed t h e  l i n e a r ,  half-wave d e t e c t o r  

described e a r l i e r .  In  another s e r i e s ,  the  de tec tor  was a square-wave 

(energy) de tec tor ,  n h t a i n e r l  f h r x g k ?  t h e  use cf a "true" rtns vacuum-tube 

voltmeter.  The two de tec tors  gave reasonably similar r e s u l t s ,  and both 

f i t  t h e  average da ta  o f t h e  subjec ts  of the  psychophysical study b e t t e r  

than t h e  subjec ts  agreed with one another.  

-- 
Q 

0 

X .  GATED NOISE AND SIGNAL 

Because the  mathematical foundation of TSD is  based on taking s imi la r  

samples of N and SN, we performed one fu r the r  experiment i n  which w e  gated 

both t h e  noise  and the  s igna l ,  using the same value of (2E/N )* as before .  

The r e s u l t s  a r e  shown as the  so l id  c i r c l e s  of Fig.  7 .  A t  500 msec, t h e  

performance was i n f e r i o r  t o  the  other  data,  but  a t  shor t  durat ions was 

much b e t t e r .  

a t  t h e  rec iproca l  of t h e  bandwidth of the  f i l t e r  i s  probably owing t o  

t h e  odd shape of t h e  f i l t e r .  In  an e a r l i e r  experiment, t he  50 Hz f i l t e r  

d id  show a peak a t  20 msec. 

t h e  e f f i c i e n c y  of t he  i d e a l  de tec tor  (phase unknown). 

0 

The f a c t  t h a t  t he  da ta  do not show a s ing le  sharp peak 

A t  optimal durat ions both f i l t e r s  approached 

A psychophysical study comparing detect ion fo r  gated N and SN,as 

w e l l  as f o r  continuous noise  and gated signal, has recent ly  been completed 

by Tucker and Evans (1966). 

d u r a t i o n s  a s  s t r i k i n g  an  improvement f o r  gated noise  a s  shown i n  Fig.  7, 

The r e su l t s ,  while not showing a t  shor t  



I I I I I 

./ 
I 
I 
I 
I 

i 
I I I I I 

A5-66-?& 
L A J  R FO 
5 - 3 - 6 6  



, 

I 

1 

14 

do show a s u b s t a n t i a l  improvement. For t h e  human observers,  d e t e c t i o n  

f a l l s  off  sharply between 20 msec and 10 msec. This f a c t  suggests t h a t  

people e i t h e r  employ a narrower f i l t e r  ( o r  a d i f f e r e n t l y  shaped one) 

than t h a t  used i n  t h e  model o r  t h a t  they f ind  t h e  sho r t  du ra t ions  d i f -  

f i c u l t  f o r  some reason not accounted f o r  i n  our models. 

X I .  DISTRIBUTION FUNCTIONS 

Tk.,e p - o b a b t l i t y  d i D L ~  L t u L i u l i s  vf voi tage obtained using the  com- 

b ina t ion  f i l t e r  (525 Hz minus 500 Hz) with t h e  running averager proved 

t o  be considerably more nea r ly  normal than t h e  Rayleigh-Rice d i s t r i b u -  

t i o n s ,  or  than t h e  d i s t r i b u t i o n s  obtained wi th  t h e  50 Hz f i l t e r  when 

employed as an  envelope d e t e c t o r  ( sho r t  decay t i m e  and random samples 

of N and of S N ) .  

i n  Table I f o r  continuous noise  and a 100 msec s i g n a l .  

Several  parameters of t h e s e  d i s t r i b u t i o n s  are  presented 

One of t h e  s u r p r i s i n g  f a c t s  apparent i n  Table I i s  t h a t  CJ increases  

s t e a d i l y  with s i g n a l  l e v e l .  This means t h a t  t h e  slope of t h e  corresponding 

ROC l i n e s  on normal-normal coordinate paper would decrease monotonically 

with an increase o f  s ignal .  This i s  contrary t o  t h e  resu l t s  published 

i n  Table I1 of  t h e  ea r l i e r  paper which showed t h e  s lope decreasing wi th  

s i g n a l  l e v e l  t o  an A/CJ of  about 2.5  and then increasing back toward u n i t y .  

A re-examination of t h e  e a r l i e r  t a b l e  reveals t h e  source o f  t h e  disagree-  

ment. 

normal paper.  For high s i g n a l  l e v e l s  t h e r e  i s  not much paper l e f t ,  and 

measurements of s lope  are imprecise. If we base our reasoning on computation 

i n s t e a d  of g raph ica l  methods w e  a r r i v e  a t  a d i f f e r e n t  f ind ing .  

sn 

The tab le  was based on graphical  p l o t t i n g  of ROC l i n e s  on normal- 

Rice has shown t h a t  as t h e  value of A/ty i s  increased, t h e  standard 

d e v i a t i o n  of t h e  S N  d i s t r i b u t i o n  approaches '~r, t.hp ES x i s 2  vc l tsge =.it 



TABLE I 

Data for 100 msec Signal and Continuous Noise 

525 Minus 500 Hz Filter 

Z 
( 2E/NO)' Mean 15 M/o gn/osn Skewness Kurtosis Z d 

Linear Detector , 
t 

I Noise 10.00 0.82 12.25 -- 0.22 0.03 -- -- 

3 -00 11.16 1.04 10.78 0.79 0.14 -0.11 0.87 1.23 I 
i I 0.03 1.27 1.80 3.72 11.73 1.10 10.62 0.75 0.20 

I 4.47 12.48 1.17 10.65 0.70 0.12 -0.23 1.74 2.46 

5.50 13.57 1.27 10.72 0.65 0.12 -0.01 2.38 3.36 
I 
I 
i 

I 7.00 15.42 1.44 10.72 0.57 0.08 0.00 3.27 4.62 

1 Square-law Detector I 

I Noise 10.00 1.39 7.21 -- 0.48 0.35 -- -- 

3 -72 13.58 2.26 6.00 0.62 0.46 0.52 1.35 1.91 I 
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of t h e  f i l t e r .  If w e  der ive  t h e  mode, mean, and standard devia t ion  

of t h e  Rayleigh d i s t r i b u t i o n  w e  f ind t h a t  t h e  mode equals 'T ( r m s  no ise  

vol tage) ,  t h e  mean of t he  d i s t r i b u t i o n  equals 

devia t ion  equals d v .  
d i s t r i b u t i o n  approaches q; t h e  r a t i o  , nn/qsn for t h e  Rayleigh-Rice 

d i s t r i b u t i o n s  approaches, not un i ty ,  as suggested i n  t h e  e a r l i e r  a r t i c l e ,  

bu t  ( { T ) / l  = 0.65. 

and sampling the  N and S N  envelopes randomly, yielded o t l /~SII  = 0.64, 

f o r  a value o f A / o  = 4.5. 

reported a s lope of 0.92 f o r  t h i s  s igna l  l e v e l .  

and t h e  s tandard 

Since the standard devia t ion  of t h e  S N  

- 
An experimental check, us ing  t h e  50 Hz f i l t e r  

The t a b l e  i n  t h e  e a r l i e r  a r t i c l e  i nco r rec t ly  

Green and Swets (1966) i n  t h e i r  discussion of an  energy de tec to r  

model have shown t h a t  f o r  t h e  i d e a l  rectangular  f i l t e r ,  t h e  M / q  r a t i o  

f o r  a gaussian noise  input  t o  the  f i l t e r  i s  (WT)2. ' 1 
Mathews and 

'Green and Swets (1966) have shown t h a t  with a gaussian noise  input 

and an i d e a l  rec tangular  f i l t e r ,  a square-law (energy) de t ec to r  w i l l  

y i e l d  a Chi-square d i s t r i b u t i o n .  If 2WT samples of noise  a r e  taken, 

t h e  Chi-square d i s t r i b u t i o n  w i l l  have 2WT degrees of freedom. Since 

t h e  mean of t he  Chi-square d i s t r i b u t i o n  is  t h e  number of degrees of 

freedom and t h e  var iance i s  twice the  mean, t h e  mean t o  sigma r a t i o  
1 

w i l l  be  (d f /2 )  ii , and f o r  t h e  i d e a l  f i l t e r  (WT)z. 

P f a f f l i n  (1965) i n  a d i f f e r e n t  d e r i v a t i o n a r r i v e d a t  t h e  same value 

f o r  a rec tangular  f i l t e r  but f ind  t h a t  for a d i f f e r e n t l y  shaped f i l t e r  

t h e  r a t i o  is  l a r g e r .  

For t h e  running averager,  t h e  value of T i s  somewhat uncer ta in  

s ince  t h e  decay i s  exponential ,  and for t h e  f i l t e r  of Table I t h e  V R ~ ~ J - P  
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of W i s  a l s o  d i f f i c u l t  t o  spec i fy .  We the re fo re  employed t h e  50 Hz 

steep-sided f i l t e r  i n  a similar p a i r  of measurements using both a 

square-law and a l i n e a r  d e t e c t o r .  

l i n e a r  de t ec to r  and 5.45 f o r  t he  square l a w .  

The M/a r a t i o s  were 7.70 f o r  t h e  

Assuming with Mathews and P f a f f l i n  t h a t  our M/a r a t i o  f o r  t h e  

square-law de tec tor ,  i s  6 t imes t h a t  f o r  t h e  i d e a l  f i l t e r ,  and know- 

ing t h e  equivalent  rec tangular  bandwidth of t h e  f i l t e r ,  55 Hz, we can 

so lve  f o r  T .  This proves t.0 he 0.27. Wc ca1: now use t h i s  v a l u e  u f  

T t o  determine W f o r  t h e  f i l t e r  of Table I. It i s  96 Hz, a value 

intermediate  between t h e  3 dB bandwidth, 78 Hz and t h e  equivalent  

rec tangular  width, 110 Hz. 

X I I .  BANDWIDTH, AVERAGING TIME, AND DISTRIBUTION FUNCTIONS 

The near-normal d i s t r i b u t i o n s  of Table I and t h e  f a c t  t h a t  t h e  

50 Hz f i l t e r  with a s h o r t  averaging time (envelope d e t e c t o r )  y i e lds  

func t ions  c lose ly  resembling those of Rayleigh and Rice, r a i s e  t h e  

ques t ion  whether it i s  t h e  bandwidth o r  t h e  averaging t i m e  t h a t  i s  

respons ib le  f o r  t h e  d i f f e rences .  Accordingly we sampled noise  d i s -  

t r i b u t i o n s  from s e v e r a l  f i l t e r s ,  employing t h r e e  averaging times 50, 

100, and 200 msec. The half-power bandwidths of  t he  f i l t e r s  were 

12 .5  Hz ( s ing le- tuned) ,  25 Hz, 50 Hz ( t h e  f i l t e r  employed i n  seve ra l  

of t h e  previous experiments), 100 Hz, 128 Hz ( a  very s teep-sided f i l t e r ) ,  

and l5O Hz. 

t i o n s  are  ad jus ted  t o  a mean of 10.00. 

The r e s u l t s  a r e  presented i n  Table 11. The standard devia- 

Examination of t h e  t a b l e  r evea l s  a cons is ten t  t rend  toward t h e  

normal as the  bandwidth and the  averaging t ime a r e  increased.  

narrowest  f i l t e r  with t h e  s h o r t e s t  averaging t i m e  has a skewness about 

The 
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t h a t  of the  Rayleigh d i s t r i b u t i o n  (0.62 f o r  t he  Rayleigh),  but  i s  con- 

s iderable  more l ep tokur t i c .  The ku r tos i s  f o r  t he  Rayleigh d i s t r i b u t i o n  

i s  0.10. The 50 Hz f i l t e r  i s  intermediate between t h e  Rayleigh and t h e  

normal, and the  wider f i l t e r s  approach more c lose ly  t o  the  normal. 

The standard deviat ions a l s o  diminish, as we would expect them t o ,  

as we increase e i t h e r  the  bandwidth or the  averaging t ime. 

t h a t  t he  M/u r a t i o  grows l a r g e r  as e i t h e r  bandwidth or  averaging time 

i s  increased.  

funct ion of (WT)' and t h i s  w i l l ,  or course,  increase  with an increase  

i n  e i t h e r  W o r  T .  

This means 

Th5z ~ G G  Is tu Le expec ted ,  s ince  the  M/U r a t i o  i s  some 
1 

X I 1 1  DISCUSSION 

There i s  always t h e  danger i n  employing models, whether phys ica l  

or mathematical, of ident i fy ing  the  model w i t h  t h e  th ing  modeled. 

hope we can avoid doing so i n  the  present  context .  Obviously our model 

i s  not t h e  e a r .  

neu ra l ly ,  using both e x c i t a t i o n  and i n h i b i t i o n  i n  the  process.  

I 

The ea r  does i t s  f i l t e r i n g  mechanically and probably 

4 

I am using "ear" t o  stand fo r  t he  audi tory system involved i n  the  
4 

de tec t ion  process,  not j u s t  f o r  t h e  per iphera l  organ. 

Furthermore, t he  ea r  i s  a multi tude of f i l t e r s  which can apparently be 

combined i n  a v a r i e t y  of w a y s ,  as the data on frequency uncer ta in ty  

sugges t .  [See Tanner, Swets, and Green (1956) , Green (1958) , Creelman 
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(1960)~ and Swets (1963).'] 

a s ingle  frequency, pr imari ly  t o  answer t h e  quest ion:  can a s ing le  

fixed-frequency f i l t e r  y i e ld  da ta  l i k e  those of t h e  experiment by 

Green e t  a l . ,  o r  i s  it necessary t o  pos tu la te  (as I d i d  i n  the  e a r l i e r  

paper) a bandwidth which i s  adjusted t o  t h e  dura t ion  of t h e  s igna l?  

The answer i s  c l e a r l y t h a t  fo r  detect ing var ious durat ions of a s i n g l e  

frequency, a s i n g l e  f i l t e r  i s  adequate when followed by a running- 

average device.  This does not mean, however, t h a t  t en  such f i l t e r s  

could de t ec t  t e n  d i f f e r e n t  frequencies i n  a frequency uncer ta in ty  

experiment as wel l  as t h e  human observer can. Combining t h e  outputs 

The present model was devised t o  d e t e c t  

-- 

of t e n  f i l t e r s  i n  an OR ga t e ,  fo r  example, would have t h e  e f f e c t  of 

mult iplying t h e  false-alarm r a t e  by ten  f o r  a given l e v e l  of de tec t ion  

[P(YISN)]. The ea r  must use a d i f f e r e n t  method of combining f i l t e r s ,  

I 
s ince  f o r  it t e n  frequencies a r e  not  appreciably worse than th ree  

(Bourbon 1966). 

The p a r t i c u l a r  f i l t e r  used i n  the e l e c t r i c a l  model i s  probably 

not wholly appropr ia te .  

suggest a narrower bandwidth or  steeper s k i r t s  f o r  t h e  e a r ' s  f i l t e r  

than those  employed i n  t h e  e l e c t r i c a l  model. 

fo r  10 msec than for  20 msec and 50 msec f o r  gated N and SN, whereas t h e  

model showed about uniform de tec t ion  over t h i s  range. 

The da ta  of t h e  Tucker and Evans experiment 

They found poorer de tec t ion  

The half-wave r e c t i f i e r  does seem appropriate ,  s ince  i n  the  e a r  

The s t imula t ion  appears t o  occur during the r a re fac t ion  ha l f -cyc le .  

f a c t  t h a t  t h e  f i b e r s  with which we are  probably concerned f i r e  a t  a 

rate which is  l e s s  than t h e  frequency of t h e  st imulus suggests t h a t  

some i n t e g r a t i o n  i s  necessary before  the f i b e r  can f i r e - - f o r  a weak 
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stimulus several cycles  of stimulus are required t o  achieve f i r i n g ,  

fo r  s t ronger  s t imu l i ,  fewer (Moushegian, 1964). 

The remainder of t h e  in t eg ra t ion  and averaging is  probably per- 

formed by cen te r s  higher than t h e  cochlea. This appears t o  follow 

from t h e  f a c t  t h a t  while i n t eg ra t ion  continues f o r  durat ions up t o  

seve ra l  hundred msec, t h e r e  a r e  no l a t e n c i e s  of t h i s  order t o  be found 

i n  t h e  aud i to ry  nerve. 

I be l i eve  t h a t  t he  model has served t o  point  out some weaknesses 

i n  our mathematical t h e o r i e s  as they apply t o  a u d i t i o n .  

one i s  evident when w e  employ continuous noise  with a gated s i g n a l .  

A b a s i c  condition of TSD i s  t h a t  N and S N  be sampled i n  t h e  same way. 

With continuous noise,  we are asking t h e  sub jec t  t o  g a t e  himself i n  

t h e  same way as t h e  experimenter gates  t h e  s i g n a l .  Even when w e  s i g -  

n a l  t h e  onset and terminat ion of the  st imulus i n t e r v a l  (by a l i g h t ) ,  

he is  unable t o  do s o .  The i n t e r v a l  was so s ignaled i n  t h e  Tucker- 

Evans experiment, but d e t e c t i o n  f o r  continuous noise  was ( f o r  s h o r t  

d u r a t i o n s )  considerably poorer than f o r  gated noise,  though contrary 

t o  t h i s  f o r  longer du ra t ions .  The s l i g h t l y  poorer de t ec t ion  f o r  gated 

N and S N  a t  long durat ions appears t o  be a property o f  both t h e  model 

and people.  For gated noise  t h e  conditions of TSD are  more nea r ly  

satisfied, and t h e  expected peak a t  t h e  r ec ip roca l  of t h e  f i l t e r  band- 

width appears t o  occur. 

The p r i n c i p a l  

The second weakness of our mathematical models l i e s  i n  t h e  nature  

of t h e  N and S N  d i s t r i b u t i o n  functions they assume. 

d i s t r i b u t i o n s  commonly employed, nor t h e  Rayleigh and Rice d i s t r i b u t i o n s  

( f o r  t h e  phase-unknown i d e a l  de t ec to r )  are completely appropriate .  

Neither t h e  normal 

If 
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we assume t h a t  t he  ea r  employs some s o r t  o f  running average of i t s  input ,  

and a l l  of the  psychophysical da t a  we have examined support  t h i s  hypothesis,  

we are forced t o  the  conclusion t h a t  t h e  d i s t r i b u t i o n  funct ions l i e  some- 

where between t h e  Rayleigh-Rice and t h e  normal. 

t i o n  of t h e  d i f f e rence  of var iance between t h e  N and S N  d i s t r i b u t i o n s ,  and 

can a l s o  account f o r  t h e  f a c t  t h a t  the  ROC curves from ra t ing - sca l e  da ta  

do not q u i t e  f i t  t h e  normal, unequal var iance model. The f a c t  t h a t  they  

more near ly  T i t  t h e  Rayleigh-Rice model thari the normal again suggests  

t h a t  t h e  e a r ' s  f i l t e r  i s  narrower than t h a t  employed i n  the  model. The 

narrower the  f i l t e r ,  t he  more skewed t h e  N d i s t r i b u t i o n  w i l l  b e .  Un- 

f o r t u n a t e l y  the  ROC curve i s  not  a s u f f i c i e n t l y  s e n s i t i v e  ind ica to r  t o  

permit d i s t inguish ing  d e f i n i t e l y  between t h e  sub t ly  d i f f e r e n t  d i s t r i b u -  

t i o n  shapes with which we a r e  concerned. 

We need no ad hoc explana- -- 

The mathematical approach taken by McGill (1966) appears t o  hold 

promise. He proposes a Poisson counting process where t h e  events  counted 

a r e  nerve impulses and f o r  any p a r t i c u l a r  neuron follow a Poisson d i s -  

t r i b u t i o n .  I n  i t s  present  s t age  of development, h i s  model appears t o  

have t h e  same weakness as the  TSD model, i n  being unable t o  cope with 

continuous noise  and gated s igna l ,  but t h e  addi t ion  of  some kind of leak  

appears poss ib le .  A b i n  t h a t  would drop counts a t  a r a t e  which i s  a 

func t ion  of t h e  number of counts i n  t h e  b in  would be func t iona l ly  s imi l a r  

t o  our leaky in t eg ra to r ,  and more near ly  l i k e  what we can imagine the  

nervous system doing. I f  t h e  l eak  a l s o  followed a Poisson process,  prob- 

a b l y  t h e  mathematics might not be so  d i f f i c u l t  as i n  t h e  TSD model f o r  

t h e  k ind  of d i s t r i b u t i o n  funct ions with which we appear t o  be concerned. 

Probably t h e  most important inference t o  be drawn from t h e  experi-  

ment.s repnrtec? here (ir,zl;;Cilng thost:  rjf ZRW, E i r a s a i i ,  and 'Tanner) i s  



t h a t  t h e  nervous system appears t o  employ a running average of t h e  

f i l t e r e d  stimulus i n  i t s  processing of aud i to ry  information. The con- 

c lusion i s  c e r t a i n l y  i n  agreement with Zwislocki ' s  f ind ings  about 

temporal i n t eg ra t ion  i n  hearing, and is  not  outrageous phys io logica l ly .  

L ick l ider  (1951 and 1955) implies  a similar model f o r  t h e  b inau ra l  

system when he speaks of  a device which t akes  a "running co r re l a t ion"  

of i t s  inputs .  A t  present  no theory  of b inau ra l  r e l e a s e  from masking 

employs such a model, and none can, at t h e  present  time, account f o r  

t h e  e f f e c t  of s i g n a l  dura t ion  on the  de tec t ion  process.  
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X N .  SUMMARY AND CONCLUSIONS 

The present  paper descr ibes  seve ra l  vers ions of an e l e c t r i c a l  

model of p a r t  of t h e  audi tory  system. The model cons i s t s  of a narrow 

f i l t e r  followed by a half-wave r e c t i f i e r  ( i n  some cases  a square-law), 

and it i n  tu rn ,  by an i n t e g r a t o r  having a long decay t ime. The i n t e g r a t o r  

a c t s  as a running averager,  and with a constant  vol tage input  reaches 

a constant vciltage a t  i t s  output .  The e l e c t r i c a l  model w a s  a b l e  t o  gen- 

e r a t e  da t a  very s imi l a r  t o  those of an experiment by Green, B i r d s a l l ,  

and Tanner where a continuous noise  and a gated s i g n a l  of constant  

energy was employed. The two s e t s  of data agree over a range of s i g n a l  

dura t ions  from 10 msec t o  500 msec. 

gated noise  and s i g n a l  should show b e t t e r  de t ec t ion  a t  sho r t  dura t ions  

than continuous noise  and gated s igna l .  A psychophysical experiment 

t o  t es t  t h i s  pred ic t ion  found it t o  be supported.  

The model f u r t h e r  predicted t h a t  

From t h e  psychophysical experiments described, and from t h e  experi-  

ments wi th  t h e  model, s eve ra l  conclusions can be drawn: 

1. In  t h e  de t ec t ion  of a s i n g l e  frequency (ga ted )  i n  a continuous 

no i se  background, t h e  audi tory  system performs a s  i f  it were t ak ing  a 

running average of t h e  output of  a r e c t i f i e r  following a narrow f i l t e r .  

2. While t h e  r e c t i f i e r  employed by t h e  e a r  i s  probably a h a l f -  

wave device,  t h e  use  of a square-law (energy) de t ec to r  i n  mathematical 

d e v e l q m e s t s  does n o t  irltruduce any ser ious  e r r o r .  

3 .  The p red ic t ion  based on t h e  e l e c t r i c a l  model, t h a t  de t ec t ion  

should b e  b e t t e r  a t  s h o r t  dura t ions  f o r  gated N and S N  than f o r  continuous 

noise ,  is  supported by psychophysical f ind ings .  

4. The p r o b a b i l i t y  dens i ty  functions yielded by t h e  model (and by 

inference  those  employed by human observers)  l i e  between the  normal and 



II those of Rayleigh and Rice. The SN distribution has more variance than 

the N distribution, and the variance increases with an increase in the 

signal level. Whether this variance approaches an asymptote, as is the 

case for the Rice distributions, is not known at the present time. 

5 .  The running averager is similar in its time constant to the 

integration time of the ear proposed by Zwislocki. In the monaural 

system it plays a role like that of the "running correlator" proposed 

by Licklider for the binaural system. 
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